Imey Docket SP00-226 



MEMS MIRROR AND METHOD OF FABRICATION 

This application claims the benefit of U.S. Provisional Patent Application 
Number 60/221,940, filed, July 31, 2000. 

Background Of The Invention 

1. Field of the Invention 

[0001 ] The present invention relates generally to micro-mirrors of the type 
typically known as micro-electro-mechanical systems (MEMS) mirrors, and 
particularly to MEMS mirrors useful for controllably directing optical beams within an 
optical switch. 

2. Technical Background 

[0002] An emerging optical switching technology employs MEMS mirrors, 
moveable in at least two degrees of freedom, to steer optical beams within an optical 
switch. Within the switch, an incoming signal formed into an optical beam propagates 
to a first moveable mirror. By controllably positioning the first moveable mirror, the 
beam is directed to a selected second moveable mirror. The second moveable mirror is 
also controllably positioned, so as to receive the beam from the first mirror and reflect 
it to an optical beam receiver. The receiver may take various forms, such as, for 
example, a photodetector, or coupling optics for coupling the beam into a waveguide, 
or any other light-responsive or light-conducting devices useful for receiving an optical 
signal beam. Such an optical switch may also be bi-directional, in that the receiver may 
operate both as a receiver and as a source of an optical beam from an incoming signal, 
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such as in the case of a receiver in the form of a waveguide plus coupling optics. A 
Igele, low-loss optica, cross connect may he formed by providing a pluralrty of 

ILovahlem.rrors.eachwi.han optical view of some or al, of the other, 

,0003] MEMSdevicesarefabri^using.aterialsandprocessess.m.arto 
Je emp oye4 in integrated circuit fabrication. Such technics allow simultaneous 

suhstrate. This simuUaneous fabrication capability providescos, advances for 

oroducing mirrors for use in an optical switch of the type described above 

' Z , The MEMS mirrors .ypicaily suggest for use in such optica! swrtches 

Mngesprovides one degree of freedom of motion, so that both patrs together can 
proLe.edesireddegreeoffreedomofmotionforamirro, Whtle mrrrors wuh 

sometimes difficult, and the gimbal secure itself is complex and cccuptes a 
significant area on the MEMS substrate. 

Summary of the Invention 
[0005] One aspect of the present invention is a moveable micromtrror .ncluding a 

p* the .able having a reflective surface facing away from the ^ 

Thepost.desiraWyforrcedof^ 

• * t rt h P ,e1ectivelv moveable and positionable, with 
flexible to allow the reflective surface to be selectively mo 

1 1 A nm when ureed bv a suitable actuating force, 
at least two degrees of freedom, when urgeu uy a 

W Inanothe, aspect, *e presen, invention incluo. a me,od of m^g. 

' of moveable micromirrors by deep etching a siUcon substrate so as to form posts 
array move ^ K B 

surrounded by trenches, etchtng back .he surface ffiliM a able 

wrthareflectivesmfacetheteontothetopsofapluralityofthepos^ 

Ad dit,onal features — ^^"tntl., 
aescription which follows, and in par. will be readily apparent to those «ed m me art 
I L description or recognized by practicing ,e invention as descrtbed heretn. 
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[00071 It is to as u w „™larv of the invenuon, and are intended 

undetstanding or the — , and a, J, ^ 

•r rinn The drawings illustrate various embodiments 



invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 

^tional view of an embodiment of one embodiment of 
[0008] Figure 1 is a cross-sectional view oi 

p 7;; ,h ;:::3i S acto S — 

[0013] Figure 6 is a cross-sectional view ot 
two additional variations of that embodiment; 

[001 4] Figure 7 is a plan view showing an example of the posuio 
«,rfaces 30 on a substrate or supporting surface 22; 

^5, Fi^re . . a Pian view showm g another example of the pos.tions of 
refl ec,ive S urface S 30o„asuhs tt a tt o t suppo«in g surface2^ 

[0016] Figure9isap.anviewshowingyetanotoexampleof.hepo 

active surfaces 30 on a suhstrate or support surface 22; 
Figure 10 is a Plan view showing still another example of the post., 
surfaces 30 on a substrate or supporting surface 22; 
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,0017, Fi^nisac^onai view ofaporUonofas^e or s U ppon,» g 

masking and oxide removal; 

[0020] Figure 14 is a cross-sectional view of the matenal of ttgure 
etch of the substrate or supporting material 22; 

[00211 Figure .5 .s ac—n alview of the material of Figure " "* 

removal of te oxide 50 aadlhiming of the photoresist 52 ; 

10024, Fi g ure 18 ,sae ro ss-sec,iona 1 vie„ofa,hin m a,e„a 1 sueh aS .200- m eron 

silicon wafer after formation of a slot 56 therein; 

[0025, Figure 1 ,isacr„s,sec,i„„alviewof, h er»a,eria 1 o f F, gra e 1 *. 

, tion of a layer 58 of a eutecUc bonding agent or an adhesive ,„ the slo, 56, 
deposition of a layer » or fll „ mM erial of Figure 17 showing a 

[0026, FigureZOisaaoss-sectionalvewofthematenalolf gu 

,aver60ofaeu K cticbondingage„,oranadhesiveontopof.hepost26- 

;Z Figu^l isaeross—viewofthema^ofHgure Figure^ 

ton of the post 26 is 




P028, Figure 22 is a cross-sectional ™w of the materia! of 1 
e^gteoughoffhethinn-erialS^ .^ igure22 ^ 

[0029, Figure 23 is a cross-sectional view rfdrejuartfial l-.g 

^**^**($Zg£ „,heremhod to en,of,hetnirr„rof 
[0030] Figure 24 is a cross-lecjor^ew ot anom 

^/ imrrorofthe^elim ^w! 



[0032] Figure 26 is a diagram showing reference dimensions and a reference force 
vector useful for analysis of the forces on the mirror of the present invention. . 

Detailed Description of the Invention 
[0033] Reference will now be made in detail to the present preferred 
embodiments of the invention, examples of which are illustrated in the 
accompanying drawings. Wherever possible, the same reference numbers will be 
used throughout the drawings to refer to the same or like parts. 

[0034] An example embodiment of a mirror according to the present invention 
is shown in Figure 1, and is designated by reference numeral 10. The mirror 10 
includes a platform or table 28 with a reflective surface 30 thereon. The table 28 is 
supported, on the side of the table 28 opposite the reflective surface 30, by a pillar 
or post 26, desirable centrally positioned relative to the area of the table 28. The 
post 26 extends within a moat or trench 24 formed in a surrounding supporting 
material or substrate 22. This allows the surface of the substrate 22 (at positions 34 
and 38) to be positioned closer to the adjacent surface (at positions 32 and 36) of 
the table 28 than the length of the post 26. Thus the post can be made sufficiently 
long and sufficiently flexible to act as a unidirectional hinge, bending to allow the 
table 28 to be positioned with two degrees of freedom, while the adjacent surfaces 
32, 34 and 36, 38 can be close enough to allow for electrostatic or other control of 
the position of the table 28, as will be shown below. 

[0035] Although the structure is represented in Figure 1 as unitary, it will be 
appreciated by those of ordinary skill in the art of MEMS and other micro- 
fabrication technologies, that the structure of Figure 1 need not be unitary. Surfaces 
34 and 36 may reside on built-up structures, for instance, and table 28 and post 26, 
for ease of fabrication, need not be of the same unitary structure with supporting 
material or substrate 22. Because of silicon's advantageous mechanical properties 
and because of the established micro-fabrication technologies in silicon, it is 
desirable to use single crystal silicon (doped or not) to form the structures of the 
mirror, but other appropriate materials may be substituted. 
[0036] As mentioned above, the mirror design of the present invention allows 
for a long, more flexible hinge in the form of the post 26, while allowing for close 



positioning of adjacent surfaces 32, 34 and 36, 38 to facilitate positioning of the mirror. 
Another advantage inherent in the design of the present invention is that the hinge in 
the form of the post does not reside in the plane of the table 28 or reflective surface 30. 
This allows for dense packing of the mirrors on a given supporting material or substrate 
22, as shown in Figure 2. 

[0037] Electrostatic actuation is a presently preferred method of controlling the 
position of the mirror of the present invention. The post 26 and the table 28, as well as 
the substrate 22, may be formed of a conductive material. Conductive areas or 
conductive pads 40 may be positioned on insulating layers 42, as shown in Figure 3. 
The pads 40 form parallel capacitor plates with the respective surfaces 32 and 36 of the 
table 28. By biasing one of the conductive pads 40, an opposite charge is induced on 
the adjacent surface of the table 28, causing the surface to be electrostatically attracted 
to the pad. The post 26 resists this attraction, allowing the mirror to be controllably 
positioned within a certain range. 

[0038] Multiple conductive pads 40 are positioned beneath the table 28. Figure 4 
shows a plan view of a layout of three conductive pads 40 relative to the position of the 
reflective surface 30. Figure 4 shows a plan view of a layout of four conductive pads 
40. 

[0039] In addition to electrostatic control, other control systems may be employed 
to move and position the mirror of the present invention. Figure 6 shows two 
examples. On the left of Figure 6, a control arm 48 contacts the surface 36 of the table 
28. The control arm may be actuated to push against the surface 36 by piezoelectric, 
thermal, or other suitable means known to those of ordinary skill in the art. On the 
right of Figure 6, a magnetic layer 46 is positioned on the table 28, and a coil 44 is 
formed on the adjacent surface of the substrate 22 as a means of magnetically 
controlling the position of the mirror. 

[0040] Multiple reflective surfaces 30 of mirrors of the present invention may be 
arranged on a single substrate as shown in Figure 2 described above. A two- 
dimensional array of reflective surfaces 30 may also be provided. Various 
combinations of array patterns and reflective-surface shapes are possible. One 
embodiment employs circular reflective surfaces arranged in a hexagonal pattern, as 
show in Figure 7. The reflective surfaces may also be hexagonal, if desired. 



Depending on the particular use of the mirrors, elongated reflective surfaces may be 
desirable. For example, if the mirrors are employed to steer optical beams that arrive at 
the reflective surface at significant angle to the normal, the beam cross-section at the 
mirror is typically elongated. Elongated reflective surfaces 30, arranged as shown in 
Figure 8, are useful in this case. Square or rectangular reflective surfaces may also be 
used, as shown for example in Figures 9 and 10. 

Example Method of Fabrication 

[0041 ] The effects of an example method of fabrication of the mirror(s) of the 
present invention are represented in Figures 1 1 through 23. 

[0042] Figure 1 1 shows a cross section of a portion of a substrate 22 before 
processing. The substrate 22 is desirably single crystal silicon. 

[0043] Figure 12 shows the cross section of Figure 1 1 after a deep etch step and 
an oxidation step. A deep etch such as a deep RIE (reactive ion etch) is used to form 
the moat or trench 24, thereby also defining the post 26. An oxidation step such as a 
CVD (chemical vapor deposition) oxidation process is used to conformally cover the 
surface of the substrate and the moat or trench 24 and the post 26 with a layer of oxide 
50. 

[0044] Figure 13 shows the cross section of Figure 12 after a masking step and an 
etching step. The etching step etches the oxide 50 back to the substrate 22. The mask 
is used to shield the oxide in the area above the post 26 and the moat or trench 24. 

[0045] Figure 14 shows the cross section of Figure 13 after a step of etching of the 
substrate 22, such as by a potassium hydroxide etch of a silicon substrate. The oxide 50 
protects the post 26. The etching of the substrate 22 leaves the post extending above 
the surface of the substrate. 

[0046] Figure 15 shows the cross section of Figure 14 after a metal deposition 
step. The metal deposition step may take the form of PVD (physical vapor deposition 
or sputtering) through a shadow mask to form conductive pads 40 on the surface of the 
substrate 22. 

[0047] Figure 16 shows the cross section of Figure 15 after a step of depositing a 
layer of resist 52, such as by a spin-on process followed by development of the resist 



■ the surface of the oxide 50 

exposed- .„ ti „ n 0 f Figure 16 after a step of HF 

[0048) RgureHshowsthecrosssectKmofF* ^ ^ the 

oxide 50. The resist etching or ashmg thms the 1 y 

,00491 Figure 18 shows a cross sect.on of a poruono 

100491 ^ ,„ „ ith a slot etched therein by an etching step. 
20 0-micronsiheonwafer,w.thasl „ fKsure i 8 after a step of placing a 

[0050, Fignre^showsthec^sssecuonof 

i . tv* a hndme agent may ou «- 
bonding agent SSinthe slot 56. The » ^ 1 lay er formed by coating and plating 

the 200 micron wafer. Alternauv , 

„„ the top of the post 26 as shown in Figure 2 _ after 
[0051] Figured showsthecrosssectton of^s ^ wafc , 54 

Ure post 26 and against the surface of the rest • . f ^ ^ 

bonded,o,hepo,26b y useof.hebondm g ag».w* . 

refl ectivelayer62suchasa*layerofs utte* a mking SK p and a 
[00521 Figure22showsthecrosssec.,onofFg ronwafer5 4 

os edtoform.hetableofthenurror(s). Theexp 



wirebonding. 22 ^ a photoresist removal 

[0053, : .: re rl. ta sfreeing«hemoveab,e 
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■ au those of ordinary skill in the art, the mirror of the 

100541 r-:^-~*~--- , - , - °° e 

present tnventron ar>d the « ^ ^ ^ ^ rf „ example 

variation is shown in Figured. 5 ta th is embodiment, the 

of ordinary skill. 

Mate-M^E*^^ ™„imr to the present invention are as 

- . . . 7nft ,. m conductive pad length L (ramai am 
reflective surface and«ab.e,700^,cO fthepost 

from post) 150 um, conductive pad wtdth W 575 um 

ex«nding ahove conductive pad surface 75 um ± 25^ ^ 
^■rdrrorsu.ctureof^presentinven.ron. HrepresenBth e 

force acting at a pomt a distance x ai g ^ ^ from 

srssrz--— — — * 

other. , charse on the close pad 

[0057] The torque T, on the table produced by the charg 
responding to theright side ofFi g ure26) is then givenby: 

reVl^os6fW dx 0) 
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« across the conductive pad and tab, gap, and W s - J 
^ueproducedbythedistantpad^orrespond.ngtothelefts.deof 

by: 

, n f the nost satisfies the following relation: 
[0058] The compliance c of the post saubn 

e W 



V = tan0 



26 (4) 



1 1 -11 

c£W[ln(l-—sin0) + 

H i sin0 

H 



[00591 The compliance of the post can be estimated as 



e 

c = 



(5) 



Z f.heoos.EisYoung-smodute.andlis.hemon.en.ofiner.ia 

where 1 is the length of the post, t is i ou s 
of the post cross section, given by 

(6) 

w 

"n 

wh erewis*ewid,hof, h epos,,a SS u m ed,ohaveas q uare cross sec.ro. 

H/Lof 0.33 and tafcns B of . - of 0 Op, w ^ ^ — 

ca.cu.a.d: wtth tota, fa* of .he pes, 1 of <^ c J ^ ^ 
s ,ab,e rotation angle approaches 8 degrees a, about U0V ac 
UOum c^SO^andthemaximumstahleroratronangleapproachesS g 

ll'aehesMegreesa.nOV.ThusareasonahUrangeofrnot.on.np.o.Sdeg.es, 



[0 „ 6 1, The present «— * ™ of mMi0 „ in two 

^ceof.hesupportings^reorsubsW .. ^ m .With 

the.on.-e^P^ 5 *" 1 ^;,^ l enb ehi„a thereof, he 

100 62] U wiU be apparent to those * _ ^ ^ ^ ^ 

the appended claims and their equivalents. 



